Based on the linearized Eilenberger equations, the upper critical field (H c2 ) of mixed d-and s-wave superconductors has been microscopically studied with an emphasis on the competing effects of mass anisotropy and spin Zeeman coupling. We find the mass anisotropy always enhance H c2 while the Zeeman interaction suppresses H c2 . As required by the thermodynamics, we find H c2 is saturated at zero temperature. We compare the theoretical calculations with recent experimental data of YBa 2 Cu 3 O 7−δ .
It has been a consensus
1 that a high-T c cuprate superconductor has a d-wave pairing symmetry, and CuO 2 plane is responsible for superconductivity. However, a pure d-wave symmetry is appropriate only for a tetragonal lattice structure, an orthorhombic material such as YBa 2 Cu 3 O 7−δ (YBCO) is believed to have a subdominant s-wave component in the order parameter. The orthorhombicity in YBCO is originated from a mass anisotropy (MA) along a-and b-directions. In other words, m a is larger than m b . Such a discrepancy is mainly due to CuO chains in the b-direction.
2
Based on the Ginzburg-Landau theory, Xu et al. 3 have explored effects of the mass anisotropy to show that an s-wave component always coexists with a dominant d-wave component in the bulk order parameter. Belzig et al. 4 have obtained the phase diagram of a mixed d-and s-wave superconductor in the quasiclassical theory, 5 and shown that the mass anisotropy gives rise to a non-zero s-wave component.
In this paper, we shall investigate effects of the MA on the upper critical field (H c2 ) of a mixed d-and s-wave superconductor, based on the quasiclassical theory, using a quantum mechanical method we have developed in Ref. 6 and compare a theoretical result with recent experimental data. 7 We also take into account the paramagnetic Zeeman interaction (ZI) because H c2 of a high-T c superconductor is large at low temperature. As in Ref. 3, 4 , we neglect any other effects associated with the chains. For example, we assume that lattice constants along a-and b-directions have the same value.
Since the calculation of H c2 is a quantum mechanical problem of a charged particle in a constant magnetic field, 6 first of all we need to check if solvable is a problem of a charged particle with two different effective masses along x-and y-directions, m x and m y , respectively, in a constant magnetic field H = ∇ × A = Hẑ. In the symmetric gauge, the Hamiltonian H of the particle is given by
where λ = m x /m y . Introducing operators a x and a y such that
and
where ω 0 = |e|H/2m x , H becomes
Let us introduce a new operator b = (a x + ia y )/ 2 √ λ to simplify H; then, we obtain effect as a perturbation, we may assume that the order parameter can be still expanded in terms of the set of unperturbed eigenstates {f N (R)}. In Ref. 6 , we have shown that the (singlet) order parameter is written as A 
with
Here f (ω, k, R) is a quasiclassical Green's function, σ = (σ x , σ y , σ x ) are Pauli matrices, ω is the Matsubara frequency, µ * 0 can be interpreted as an effective magnetic moment of a quasielectron with a mass anisotropy (m a = m b ), which will be considered as a phenomenological parameter associated with a coupling strength between an electron spin and a magnetic field. The symbol · · · SF = 
with v F x,y = k F x,y /m in the x-y coordinate system. The pairing interaction in this coordinate system can be written as
where
For the singlet pairing, f = f 0 iσ y and ∆ = ∆ 0 iσ y . Using the inverse of the operator
we show
Substituting Eq. (12) into Eq. (7), we obtain the linearized gap equation of an anisotropic mixed d-and s-wave superconductor as follows:
It is easy to see that ∆ 0 (R, φ) turns out to be ∆ s (R) + ∆ d (R) sin(2φ) because of the pairing
Let us, first of all, consider equations to determine T c of such a superconductor. Setting
and 
Here we would like to point out that
if (n + m) is even and Φ n,m (ξ, N) = 0 if (n + m) is odd, and
n,m and C n,m , we find
As one can easily see, C
n,m = 0 only if |n − m| = 0, 2, 4, C Using the orthonormality of {f N }, we obtain the equation for the coefficients A N from which H c2 will be calculated as follows:
with m + n − N ≥ 0, and |m − N| = 0, 2, 4 for C As we did in Ref. 6 , we introduce dimensionless unit in the calculation of H c2 : t = T /T c and h = 2|e|H(v F /2πT c ) 2 . In addition to the anisotropy parameter c, we also define
, which is the strength of spin-magnetic field coupling. For the sake of comparison with experiment measurement, we convert the normalized magnetic field into the dimensional one by using
By solving the eigen-equations for A Fig. 1 , we find that the mass anisotropy enhances H c2 while the spin Zeeman coupling suppresses H c2 . This means that the mass anisotropy supports superconductivity; in other words, it increases T c (and consequently the gap), which can be easily seen from the equation for T c . In addition, one can also see that H c2 is saturated at zero temperature as a reflection of the thermodynamic requirement; namely, on the phase boundary in the T − H plane,
at T = 0 near H c2 , where δS is the entropy difference between the normal and superconducting states, and δM is the magnetization near H c2 .
Recently, the upper critical field H c2 (parallel to the c axis) of YBCO with T c = 84.3 K has been measured down to about 4K. 7 The corresponding data is shown by solid circles in Fig. 1 . The slope dH/dT | Tc has been experimentally observed to be −1.9 T/K. 9 In the theoretical calculation, we are mainly concerned about the low-temperature data of H c2 most because at the low temperature thermal fluctuation effect is negligible. As shown in Fig. 1 , the experimental data can be fit very well, with the above given parameter values, by our calculation for an anisotropic mixed d-and s-wave superconductor including the ZI. Here we would like to point out that, since δ enhances H c2 more significantly than c, 6 if we take a large value of δ, we have to choose a physically unacceptable high value of γ z to fit the lowtemperature data. Actually, it is believed that T c /E F ∼ 0.1 for a high-T c superconductor, 
, we have two equations; namely, one is for ∆ s (R) and the other for ∆ d (R) as follows:
where 
we obtain Eqs. (17) and (18). 
